Pectinaceous agricultural residues rich in D-galacturonic acid (D-GalA), such as sugar 21 beet pulp, are considered as promising feedstocks for waste-to-value conversions. 22
Introduction
(D-GalA) as the main backbone sugar of pectin. The filamentous fungus and 48 saprotroph Aspergillus niger (A. niger) is a well characterized microorganism for pectin 49 utilization and depolymerization as well as a well-established industrial workhorse with 50 multiple applications in enzyme, citric acid and other organic acid production [9, 30] . 51
Pectinases from A. niger contribute to a global multi-billion dollar market for biomass-52 degrading enzymes [9,30,45] with applications ranging from fruit, vegetable and juice 53 processing to textile and paper treatment [21] as well as saccharification for bioethanol 54 production [11, 48, 54 ]. However, with today's perception of D-GalA shifting from an 55 inevitable component of complex biomass feedstocks to a target product for 56 subsequent fermentations, more versatile and higher yielding host strains are needed 57 to extend the range of commercial enzymes, as outlined in a recent white paper on the 58 current challenges of research on filamentous fungi in the context of a sustainable bio-59 economy [30] . 60
For efficient industrial-scale applications, ideal base strains need to be identified for 61 specific tasks. For A. niger, several lineages have been identified and adapted for 62 specific purposes. The most cited lineages of A. niger encompass three main clades, 63 namely: (i) strains adapted for easy handling and genetic manipulation in the laboratory 64 environment, which are based on A. niger NRRL 3 (CBS 120.49, ATCC 9029); 65 (ii) strains for improved citric acid production, based on A. niger ATCC 1015 (NRRL Page 4 of 27 328, CBS 113.46); and (iii) strains for protein production and secretion, based on A. 67 niger NRRL 3122 (CBS 115989; ATCC 22343) ( Fig. 1) . 68 
75
Ancestral strains, such as A. niger ATCC 1015 or A. niger NRRL 3122 (amongst 76 others), have been specifically isolated due to their improved citric acid production 77 characteristics or extracellular glucoamylase activity, respectively, and further 78 optimized via sub-culture isolation [38] or UV-mutagenesis [4, 51] . The most commonly 79 used strain for laboratory-based genetic analysis, A. niger AB4.1, has also emerged 80 from multiple successive rounds of UV mutagenesis on the original wild type (WT) 81 isolate A. niger NRRL 3 [7] . These resulted in a short conidiophore phenotype in strain 82
A. niger N402 [8] and generation of the pyrG auxotrophic marker [19, 50] . However, 83 those mutagenic treatments likely gave rise to additional background mutations 84 influencing gene regulation and impacting diverse phenotypic traits. Additional Accordingly, none of the current datasets provide enough information to predict 103 superiority of any available strain for the production of pectinases. Moreover, to the 104 best of our knowledge, no thorough comparison for pectinase activity between the 105 available and highly cited A. niger strains (listed in Fig. 1 ) has been conducted so far. 106
While the availability of commercial A. niger pectinase cocktails indicates established 107 pectinase production strains in industry, almost no information on their specific origin 108 is publically accessible. In the academic field, numerous studies on optimization of 109 fermentation conditions for pectinase production with various strains have been 110 published (e.g. [1, 18, 41] ). However, these do not allow for direct performance 111 comparison of individual strains due to varying study designs and fermentation 112 conditions. Furthermore, thorough comparisons of different strains under reproducible 113 conditions are scarce in literature and compromised by limited morphology control (due 114 to execution in shake flasks, for example, instead of controlled stirred-tank bioreactors) 115 or poor description of strain origins (e.g. [17, 24] ). 116
The importance of pectin, pectinases, and pectin-derived sugars as well as the 117 predominance of A. niger in their production processes, however, dictate the necessity 118 for a systematic comparison of strains under controlled and highly reproducible 119 conditions to identify efficient and marker-free host strains for larger scale pectinase 120 production. Therefore, a total of six strains (red boxes in Fig. 1 ) were selected for 121 comparison of endogenous pectinase activity based on five key prerequisites: (i) 122 relevance to the field based on the number of publications using these strains, (ii) Page 6 of 27 availability of the genomic sequence (or that of a very closely related strain) as a 124 premise for successive genetic optimization, (iii) absence of auxotrophic markers to 125 avoid phenotypic differences due to mutations in central metabolism, (iv) absence of 126 any targeted engineering of elements regulating pectinase expression to avoid 127 distortion of the underlying endogenous pectinase capacity, and (v) classification as 128 biosafety level 1 to allow for universal handling. 129
By obtaining data on sporulation efficiency, total protein secretion, total and endo-130 specific polygalacturonase (PGase) activity as well as morphology in submerged 131 culture, this study thus provides essential insights into selection of suitable base strains 132 for pectinase production. Working with controlled stirred-tank bioreactor fermentations 133 after the initial pre-selection, we thereby applied a robust and reproducible 134 methodology rarely employed in phenotypic comparisons of fungal strains, resulting in 135 the identification of a superior A. niger strain and potential chassis for additional genetic 136 optimization to boost D-GalA release from complex pectinaceous residues. All experiments involving submerged fungal cultivation were carried out in 2% (w/w) 147 pectin minimal medium containing (L -1 ): 20.0 g pectin C, 6.0 g NaNO3, 1.5 g KH2PO4, 148 0.5 g KCl, 0.5 g MgSO4 · 7 H2O, 1 ml trace element solution and 1 ml PPG P2000 149 (antifoam, only if cultivated in stirred tank fermenter). The trace element solution was 150 prepared as (L -1 ) 10 g EDTA, 4.4 g ZnSO4 · 7 H2O, 1.01 g MnCl2 · 4 H2O, 0.32 g CoCl2 151 · 6 H2O, 0.315 g CuSO4 · 5 H2O, 0.22 g (NH4)6Mo7O24 · 4 H2O, 1.47 g CaCl2 · 2 H2O 152 and 1 g FeSO4 · 7 H2O [5]. 153
Cultivation conditions
154
Shake flask cultivation 155
The fungi were grown in 250 ml flasks without baffles containing 25 ml of the 20 g L -1 156 pectin minimal medium at 250 min -1 (25 mm shaking throw) and 30°C for 96 h. The 157 initial pH was set to pH 4.5 and the cultivation was inoculated to a spore density of 10 9 158 spores L -1 . Strains were grown in triplicates. Data were statistically evaluated by 159 applying an analysis of variance (one-way ANOVA) followed by a Tukey's post-hoc 160 test using the software Origin (OriginLab). Differences among the mean activity 161 measurements were calculated at a significance level of 0.05 (p < 0.05). 162
Bioreactor cultivation 163
A 7 L stirred-tank bioreactor equipped with three baffles and three six-blade Rushton 164 turbines (Labfors, Infors-HT, Bottmingen, Switzerland) was used during all cultivations. 165
All processes were performed equally under the following conditions. 3 liters of the 20 166 g L -1 pectin mineral medium was inoculated to 10 9 spores L -1 . Temperature was kept 167
Page 8 of 27 constant at 30°C. The pH was controlled to a set-point of pH 4.5 by the addition of 168 either 1M H2SO4 or 3M KOH. Batch processes were carried out for 86 h to 90 h. To 169 prevent initial spore loss, the stirred-tank bioreactor was not aerated and only 170 slowly mixed at 250 min -1 (~0.13 W L -1 [20]) during the first 6 h of batch cultivations 171 [33] . Afterwards, the stirrer speed was set to 700 min -1 (~1.625 W L -1 [20]) and 172 aeration to 0.2 vvm, which was also sufficient to keep the dissolved oxygen 173 concentration above 30% air saturation during all cultivations conducted. Additionally, 174 exit-gas composition (O2, CO2) was monitored (EasyLine, ABB, Zürich, Switzerland). 175 (w/v) pectin C as a carbon source ( Fig. 2A) 513.88 displayed inferior spore densities on rich medium, which was rated as a 259 disadvantage for larger scale liquid culture inoculations (Fig. 2B) . Based on the 260 combination of these results, strains A. niger NRRL 3122 and A. niger CBS 513.88 261 were excluded from further tests. 262 in submerged cultures [28, 52] . Since the level of morphology control is generally higher 291 in stirred tank bioreactors compared to shake flasks, we see our bioreactor approach 292 as advantageous for in-depth strain comparison after pre-selection [14] . 293 294 In case of A. niger NRRL 3, BDW rose to its maximum at 2.28 ± 0.12 g L -1 during the 295 first 39 h and slightly decreased about 35% afterwards until the end of the cultivation 296 (1.47 ± 0.01 g L -1 ) (Fig. 3A) . The BDW of the strains A. niger N402 and A. niger ATCC 297 1015 showed a similar behavior, increasing to 3.65 ± 0.35 g L -1 (A. niger N402) and 298
Biomass dry weight concentration

Biomass dry weight concentrations and morphology
3.38 ± 0.07 g L -1 (A. niger ATCC 1015) within 42 h before decreasing by 30% until the 299 end of the cultivation (Fig. 3B,C) . A different behavior could be observed for strain A. 300 niger ATCC 11414. Its BDW peaked only after 48 h (at 2.68 ± 0.03 g L -1 ), with a drastic 301 decrease of 70% to 0.81 ± 0.02 g L -1 at the end of the observation period (Fig. 3D) . 302
The loss of BDW in the cultivations is in accordance with the dissolved oxygen 303 concentration (DO) and the carbon dioxide fraction in the exit gas measured online. 329 Next, the total secreted protein concentration in the supernatants (Fig. 4A-D) as well 330 as the total and endo-specific PGase activities were assessed ( Fig. 4E-H) . The protein 331 concentration of the cultivations with A. niger NRRL 3, A. niger N402 and A. niger 332 ATCC 1015 displayed very similar development with a mildly logarithmic-like increase 333 throughout the cultivation, peaking at 157.39 ± 10.22 mg L -1 (90 h), 162.34 ± 6.38 mg 334 L -1 (81 h) and at 167.43 ± 5.35 mg L -1 (71 h), respectively. Following the observed 335 BDW decrease towards the end of cultivation, A. niger N402 and A. niger ATCC 1015 336 also displayed a mild decrease in protein concentration. In accordance with its delayed 337 biomass generation (Fig. 3D) , A. niger ATCC 11414 showed its maximal protein titer 338 (111.26 ± 9.60 mg L -1 ) only after 87 h (Fig. 4D ). This protein concentration was 32% 339 lower than the maximal concentration observed for the other three investigated strains. 340
Secreted protein concentrations and PGase activities
In contrast to predominant observations for a variety of secreted proteins expressed in 341
A. niger and other filamentous fungi [28, 52] , dispersed mycelial growth therefore did 342 not prove to be a direct indicator for increased overall protein secretion across different 343 strain lineages of A. niger. However, considering specific secretion rates (normalized 344 to fungal biomass), A. niger ATCC 11414 is performing on par with the other strains -345 particularly towards the end of the incubation time. Total secreted protein as well as biomass generation hence could not be used as a 364 proxy for pectinase activity in this study. Moreover, the different maximum activities for 365 endo-and total PGase as well as the different time profiles of PGase activity for A. 366 niger NRRL3 and A. niger ATCC 11414 throughout the cultivation indicate severe 367 differences in the regulation and expression of pectinases between these two strains. 368
Considering the lower biomass accumulations and total protein production during the 369 cultivation of A. niger ATCC 11414, this strain moreover generated the highest specific 370 total and endo-PGase activities compared to all of the other investigated strains. 371
Assuming similar total capacities of the secretory machineries in all tested A. niger 372 strains, A. niger ATCC 11414 is therefore recognized as the most promising candidate 373 for genetic improvements towards pectinase overexpression. Less off-target 374 secondary metabolism activity (as judged by pigment formation) and highest specific 375 polygalacturonase production hold promise for additional metabolic capacities which 376 might be exploitable for enhanced pectinase expression. 377
Comparison of hydrolytic performance of culture supernatants
378 for D-GalA release from complex pectinaceous substrates 379 Based on the results presented above, A. niger ATCC 11414 was determined as the 380 most promising base strain for pectinase production out of six strains under the tested 381 cultivation conditions. A. niger ATCC 11414 not only had the highest total and specific 382
PGase activity, but also showed a disperse morphology desirable for protein secretion. 383
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To test whether the selection of A. niger ATCC 11414 based on defined substrate 384 assay conditions would translate into improved activity also on complex pectinaceous 385 biomass, D-GalA release from milled dry sugar beet press pulp (SBPP) using A. niger 386 ATCC 11414 culture supernatant was compared against A. niger N402 culture 387 supernatant as the ancestor of today's standard laboratory strains. Using a 96 h A. 388 niger ATCC 11414 buffered culture, an average of 8.8 g L -1 of free D-GalA was released 389 from 9 % (w/v) SBPP within 138 h, as compared to an average of 4.9 g L -1 for A. niger 390 N402 culture supernatant (Fig. 5) . Taking into account the water molecules 391 incorporated during hydrolytic cleavage, this corresponded to a degraded amount of 392 8.0 g L -1 polygalacturonan and 4.5 g L -1 of the provided biomass, respectively. 393
Considering a total D-GalA content in SBPP of approximately 22% (w/w) ([26]), ~36.4% 394 of the expectable D-GalA could be released using A. niger ATCC 11414 culture 395 supernatant (vs. ~20% with A. niger N402 culture supernatant). In other words, the 396 same release level was realized in less than 45% of the process time. In summary, 397 thorough screening and activity-driven selection of A. niger strains from a set of readily 398 available and highly referenced strains resulted in a 75% higher D-GalA release 399 compared to a scenario in which the standard lab strain was used. 400 Considering the lack of systematic screening for strong pectinase producing A. niger 428 strains, we have implemented a robust protocol for the discrimination of competing 429 strains in controlled stirred-tank bioreactors. Superior performance of A. niger ATCC 430 11414 was verified in a realistic setting using complex sugar beet press pulp. This 431 strain shows potentially untapped metabolic and secretory reservoirs that could be 432 exploited for improved pectinase production via targeted genetic engineering. 433
However, to foster transfer of research results to industrial applications, it will be 434 necessary to establish genetic tools, such as non-homologous end-joining suppressors 435 or genetic markers, in this non-standard host strain. 436 E-supplementary data of this work can be found in online version of the paper. 437 
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